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Abstract 8 
In this study, a set of mathematical models was used to simulate the heat and mass 9 
transfers of hollow fibre PGMD module for desalination applications. The developed model 10 
was firstly validated, and then utilized to study the impacts of different design parameters 11 
and operating conditions on the performance of hollow fibre PGMD. The simulation results 12 
show that coolant velocity and coolant temperature have less impacts on flux compared to 13 
those in DCMD, because in DCMD, coolant directly contacts the membrane but for PGMD it 14 
does not. The model also demonstrates that the higher cooling plate thermal conductivity will 15 
lead to higher flux and energy efficiency. However, when the cooling plate thermal 16 
conductivity is higher than 5 W/m.K, the temperature difference across the cooling plate is 17 
minimum and further increase of the cooling plate thermal conductivity has negligible 18 
impacts on flux and energy efficiency. A sensitivity analysis was undertaken to analyze the 19 
combined effects of gap channel inner/outer diameters and gap channel thermal conductivity 20 
on flux. It is concluded that the changes in gap channel of hollow fibre PGMD will lead to a 21 
more complex combination, and the gap channel thermal conductivity has a more significant 22 
effect on flux compared to the hydrodynamics within the permeate and coolant channels. 23 
The effect of multi-stage processes on energy efficiency is also evaluated. The results 24 
suggest that Gain Output Ratio (GOR) increases with number of stages, and reaches 2.4 25 
with 20 stages. Finally, the roles of different parameters in PGMD optimization are 26 
discussed. The results suggest that cooling plate thermal conductivity plays the most 27 
important role in PGMD optimization compared to coolant velocity and coolant inlet 28 
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1. Introduction 36 
With the increasing focus on better product quality and higher energy efficiency, Membrane 37 
Distillation (MD) has been recognized as a potential alternative for desalination applications. 38 
The operation of MD is based on the different vapour pressures established across a 39 
hydrophobic membrane [1]. In MD, the feed solution is vapourized at the membrane surface 40 
of the feed side, the vapour penetrates through the hydrophobic membrane, afterwards, it is 41 
either condensed into permeate at the interface between the membrane and coolant or 42 
removed by sweeping gas. The MD working principle enables the potential use of alternative 43 
heat sources and low-grade thermal energy [2-5], which is a key advantage compared to 44 
conventional distillation and membrane filtration processes. Furthermore, its purification 45 
process involves the phase-changes (liquid-gas-liquid), enabling a high quality of the 46 
permeate [6].  47 
Permeate Gap Membrane Distillation (PGMD) and its modified designs [7, 8] are developed 48 
based on re-arrangement of the coolant channel, exhibiting various benefits compared to 49 
other MD configurations. For PGMD configuration, an additional gap (permeate gap) is 50 
established in the middle to separate the membrane from the coolant. The gap is filled by 51 
gradually produced permeate, and the coolant channel is placed on the other side of the 52 
permeate gap. This new coolant channel arrangement enables internal heat recovery within 53 
the MD module [9]. Furthermore, because the coolant contacts gap channels rather than the 54 
membrane directly, the sensible heat loss is reduced compared to Direct Contact MD 55 
(DCMD). The mass transfer of PGMD is also enhanced compared to Air Gap MD (AGMD) 56 
because of the elimination of air gap. However, the thermal conductivity of water is 57 
considerably higher than that of air, PGMD has a less heat transfer resistance within the 58 
permeate gap compared to AGMD, which results in a higher sensible heat loss. The heat 59 




Fig. 1. Overview of heat and mass flows of PGMD  62 
In Fig. 1, Tfb, Tfm, Tpm, Tpc, Tcc, and Tcb are the bulk feed temperature, interface temperature 63 
between feed and membrane, interface temperature between permeate and membrane, 64 
interface temperature between permeate and cooling plate, interface temperature between 65 
coolant and cooling plate, and bulk coolant temperature, respectively. 66 
Even though PGMD concept has been investigated by different researchers [7-20], previous 67 
studies focused on spiral wound and flat sheet PGMD. The structure of the flat sheet PGMD 68 
module is generally simple and it is relatively easy to manufacture, however, it has a low 69 
packing density (specific surface area) compared to hollow fibre or spiral wound modules. 70 
Spiral wound PGMD module usually has a high energy efficiency due to the maximized 71 
internal heat recovery, but its permeation flux is very low, which is due to the low 72 
temperature difference between membrane surfaces. Gao et al. [9] compared the PGMD 73 
performance in different module designs and concluded that a more balanced result 74 
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between flux and energy consumption could be achieved by hollow fibre PGMD module 75 
compared to other PGMD configurations (spiral wound or flat sheet). 76 
A better insight into the mass and heat transfers phenomenon within the PGMD module and 77 
the impacts of different design parameters will facilitate the future scale-up of hollow fibre 78 
PGMD module. Gao et al. [20] investigated the impacts of various design parameters on flux 79 
and energy performance using different hollow fibre PGMD module designs. That study also 80 
suggested different approaches (effective membrane surface increase, multi-stage process, 81 
etc.) to further optimize hollow fibre PGMD performance. 82 
To optimize PGMD module design more efficiently, a set of mathematical models are 83 
developed and implemented in a computer program using MATLAB to simulate the heat and 84 
mass transfer phenomena of PGMD process. To the best of authors’ knowledge, this is the 85 
first study to undertake a systematic analysis of heat and mass transfers of hollow fibre 86 
PGMD module and to build the mathematical model accordingly. Due to the unique module 87 
design, the developed model takes both gap channel density and hollow fibre packing 88 
density into consideration, suggesting that hollow fibres could attach to each other and lose 89 
their full contacts with permeate when hollow fibre packing density is high. In addition, the 90 
developed model considers convection and conduction phenomenon for the heat transfer 91 
within the gap channel due to the existence of water gap rather than the air gap. This is 92 
different from AGMD, where the heat transfer within the air gap is described by sensible heat 93 
conduction and latent heat transfer. Furthermore, the developed model enables a discussion 94 
on the role of cooling plate thermal conductivity and its limitation. Based on the modelling 95 
results, the design of hollow fibre PGMD module could be further optimized. 96 
2 PGMD process simulation 97 
2.1 Theoretical analysis of mass and heat transfers of PGMD 98 
The heat and mass transfers of PGMD process can be analyzed in each small segment dx 99 
along the module (see Fig. 2) based on the following 5 sub-processes. It is assumed that the 100 




Fig. 2. Analysis of heat and mass transfers from slice i-1 to slice i+1 along PGMD module 103 
2.1.1 Mass and heat transfers in hot feed channel 104 
The mass transfer phenomenon of hot feed channel for slice i can be described by: 105 
, , 1 , , 1fb i fb i fb i fb i f g im m m J L N N dx          (1) 106 
The heat transfer of slice i for the hot feed channel is described below: 107 
1 , 1 , 1 , 1 , , ,fb i pfb i fb i fb i pfb i fb iQ m C T m C T          (2) 108 
1 12L r                   (3) 109 
Here, the subscript i represents the ith slice; ,fb im  represents the change of mass flow rate 110 
for the feed bulk flow; ,fb iJ  represents the water vapour flux of hot feed channel; ,fb im  and 111 
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, 1fb im    indicate the bulk feed mass flow rates coming out and into the slice, respectively; 112 
1Q  represents total heat transfer rate of hot feed channel; 1L  represents the circumference 113 
of hollow fibre membrane based on its inner diameter; ,pfb iC  and , 1pfb iC   are the specific 114 
heat capacities of feed bulk flow coming out and into the slice, respectively; ,fb iT  and , 1fb iT   115 
are temperatures for feed bulk flow coming out and into the slice, respectively; fN  116 
represents the number of hollow fibre membrane that each gap channel accommodates; gN  117 
represents the number of gap channels; idx  represents the length of the slice i; and 1r  is 118 
defined as the inner radius for the employed hollow fibre.  119 
It is worthwhile mentioning that the hot feed vapourizes at the interface between the 120 
membrane and feed solution, and the feed solution flows through the membrane lumen side. 121 
Therefore, the heat transfer coefficient for the heat transfer from the feed to the membrane is 122 
that at the inner surface of the hollow fibre. Consequently, the hollow fibre inner radius 1r  is 123 
used to calculate the interface surface area for mass/heat transfers in the hot feed channel. 124 
Based on the above information, the heat transfer from the hot bulk flow to the hollow fibre 125 
membrane surface at hot feed side can be described by: 126 
2 , , , 1( )f i fb i fm i f g iQ T T L N N dx           (4) 127 
Here 2Q  represents total heat transfer; ,fm iT  represents the temperature of the interface 128 
between hollow fibre membrane and hot feed; and ,f i  represents the heat transfer 129 









                                                                                         (5) 131 
Here 1 represents the feed brine thermal conductivity; hfd  is the hydraulic diameter for 132 













1A  is the cross sectional area for the hot channel based on its inner diameter. f
Nu  is 135 
the Nusselt’s number of the hot feed. Previous experimental results [9] suggested that the 136 
water within the feed channel, permeate gap and coolant channel all had laminar flow 137 
regimes. Consequently, fNu under fully developed flow and uniform heat flux condition can 138 













      (7) 140 
Here, l  represents the length of the module; Pr  and Re  represent Prandtl number and 141 








           (9) 144 
Here, pC ,  ,  , hd , v  and   are specific heat capacity, density, viscosity, hydraulic 145 
diameter, velocity, and thermal conductivity of water, respectively. The thermodynamic 146 
properties and viscosities are allowed to vary with temperature which changes along the 147 
module length, Re  and Pr  are respectively calculated for hot and coolant channels using 148 
Eqs. (8 – 9). 149 
2.1.2 Mass and heat transfers through hollow fibre membrane 150 
The mass transfer phenomenon for slice i through the hollow fibre is expressed by: 151 
, 2 , , 2( )vm i f g i i fm i pm i f g iJ L N N dx N P P L N N dx       (10) 152 
Here ,vm iJ  represents the vapour mass flux through hollow fibre, it is slightly smaller than 153 
,fb iJ  due to difference between 1L  and 2L ; iN  is the mass transfer coefficient for hollow 154 
fibre membrane; ,fm iP  and ,pm iP  are vapour pressures at the membrane interfaces 155 
corresponding to temperatures ,fm iT  and ,pm iT , respectively; and 2L  indicates the average 156 
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circumference based on average radius 2r , which can be calculated by the hollow fibre inner 157 










          (11) 159 
Because the total pressure difference does not exist inside membrane pores, the effect of 160 
viscous flow is negligible for PGMD, the mass transfer phenomenon through hollow fibre 161 
membrane is determined by Knudsen-molecular diffusion transition mechanism [10]. As a 162 
result, iN  can be calculated by [21]: 163 
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         (12) 164 
Here M  represents molecular mass of water vapour; 
A  is defined as mole fraction of the 165 
vapour;   represents membrane porosity; 
ABD  is defined as the diffusivity of water vapour 166 
(A) in the air (B); 1b  represents the membrane thickness;   represents the average 167 
membrane tortuosity; d  represents the mean diameter for the hollow fibre membrane pore; 168 
R  represents the universal gas constant; and T  is the mean temperature within the hollow 169 
fibre membrane pores. 170 







         (13) 172 
Here, P  is defined as the total pressure.  173 





             (14) 175 
Here vP  represents the partial pressure for the water vapour. 176 
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   (17) 182 
The heat transfer of the slice i through the hollow fibre membrane can be divided into 183 
sensible heat transfer via heat conduction and latent heat transfer, which is described by: 184 
2
3 , , , 2
1
[ ( ) ]fm i pm i vm i latent f g iQ T T J h L N N dx
b

         (18) 185 
Combining Eqs. (11) and (18) gives: 186 
2 3 1
3 , , ,
3 1 3 1
2 2 ( )
[ ( ) ]
ln( / ) ln( / )
fm i pm i vm i latent f g i
r r
Q T T J h N N dx
r r r r
  
       (19) 187 
Here 3Q  represents the total heat transfer through hollow fibre of slice i; latenth  represents 188 
the latent heat of vaporization for water; 2  represents average thermal conductivity for 189 
hollow fibre, which is determined by:  190 
2 (1 ) m air              (20) 191 
Here m  and air  represent the membrane material thermal conductivity and air thermal 192 
conductivity, respectively. 193 
2.1.3 Mass and heat transfers within the permeate gap 194 
The water vapour is distilled into permeate at the interface of permeate and membrane, the 195 
mass transfer of slice i can be described by: 196 
, , , 1 , 3fb i pg i pg i pg i f g im m m J L N N dx          (21) 197 
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Here ,pg iJ  is defined as the water vapour flux for slice i in permeate gap; and , 1pg im   and 198 
,pg im  represent the permeate mass flow rates coming in and out of slice i, respectively, 199 
because the permeate flows in opposite direction to the hot feed flow. 200 
To analyse the heat transfer phenomenon in the gap channel, Gao et al. [9] found that the 201 
permeate within the gap channel was nearly stagnant, therefore, the convective heat can be 202 








pm i pc i f g iQ T T N N dx
r r

         (22) 205 
Here 4Q  represents the heat transfer rate within the permeate gap of slice i; 3 represents 206 
the permeate thermal conductivity; ,pc iT  is the interface temperature between the cooling 207 
plate and permeate of slice i ; and 5r  represents the inner radius of the cooling plate. 208 
2.1.4 Heat transfer through the cooling plate 209 
The heat is transferred through the cooling plate to the coolant side, this process can be 210 







pc i cc i g iQ T T N dx
r r

         (23) 212 
Here, 5Q  represents total heat transfer through the cooling plate of slice i; 4  represents 213 
the cooling plate thermal conductivity; ,cc iT  is the interface temperature between the coolant 214 
and cooling plate of slice i ; and 7r  represents the outer radius of the cooling plate. 215 
2.1.5 Heat transfer within the coolant channel 216 
The heat transfer from the cooling plate surface to the coolant bulk flow of slice i can be 217 
expressed by: 218 
6 , , , 7( )c i cc i cb i g iQ T T L N dx         (24) 219 
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Here, 6Q  represents the total heat transfer from the cooling plate surface to the coolant bulk 220 
flow of slice i; ,cb iT  is the temperature for the bulk coolant flow of slice i; and ,c i  represents 221 
the heat transfer coefficient on the coolant side, it can be obtained similarly as ,f i ; and 7L  222 
is the circumference of the cooling plate based on its outer radius ( 7r ). Here, because the 223 
heat transfer from cooling plate to coolant occurs at the interface between coolant and 224 
cooling plate, and the coolant flows through the cooling plate shell side, cooling plate outer 225 
radius 7r  is used to calculate the interface surface area for heat transfer in coolant channel. 226 
The heat transfer of slice i for the coolant bulk flow can be calculated as: 227 
7 , , , , 1 , 1 , 1cb i pcb i cb i cb i pcb i cb iQ m C T m C T                   (25)       228 
Here, 7Q  represents total heat transfer for the coolant bulk flow of slice i; ,cb im and 229 
, 1cb im   are the bulk coolant mass flow rates coming out and into the slice i, respectively; 230 
,pcb iC  and , 1pcb iC   are defined as the specific heat capacities of coolant bulk flow coming 231 
out and into the slice i, respectively; and ,cb iT  and , 1cb iT   are temperatures for coolant bulk 232 
flow coming out and into the slice i, respectively. 233 
2.2 Numerical solutions 234 
The following assumptions have been made to simulate the heat and mass transfers of 235 
hollow fibre PGMD module: 236 
 no heat loss to the surrounding atmosphere via the module shell; 237 
 no heat loss due to the permeate production from the system; 238 
 no changes in membrane porosity, thickness, and tortuosity;  239 
 the heat transfer phenomenon within gap channels is mainly caused by conduction; 240 
and 241 
 gap width is constant for the gap between hollow fibre and cooling plate. 242 
Due to the complicated geometry of the air gap in hollow fibre AGMD module, various hollow 243 
fibre AGMD modelling studies [26, 27] made the assumptions that hollow fibres are uniformly 244 
distributed and they have the same distance to the cooling plate. This is only an ideal 245 
approximation as hollow fibres are usually distributed randomly with different distances to 246 
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the cooling plate across the air gap [28, 29]. The above assumptions are also applied in our 247 
hollow fibre PGMD study during the mathematical modelling. 248 
Based on the above assumptions, it can be concluded that: 249 
1 2 3 4 5 6 7 transQ Q Q Q Q Q Q Q            (26) 250 
Here, transQ  represents the total heat transfer of slice i. 251 
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       262 
Considering a vertical module, the hot feed is assumed to flow into the module from the top, 263 
and the coolant flows counter-currently from the bottom. Thus, the input conditions, the inlet 264 
temperatures for the coolant and feed, are at different x-positions. In order to solve the 265 
differential equations for the mass and heat transfers, a matching scheme from the feed inlet 266 
X=0 requires a value for the coolant exit temperature, which is an unknown to begin with. To 267 
start the numerical solution, an initial guess of ,1cbT  is made, which is generally the average 268 
temperature of the hot and coolant inlet temperatures. Based on this assumption, the 269 
solution can be marched till the exit of the feed at Xn= l  and an estimated coolant inlet 270 
temperature can be obtained. When the difference between the estimated and actual coolant 271 
inlet temperatures is more than 0.00001 ˚C, the solution process is repeated with a new 272 
guess on the coolant exit temperature at X=0 until convergence. A flowchart of the numerical 273 




Fig. 3. Simulation procedure for hollow fibre PGMD model 276 
3.  Material and experiments 277 
3.1 Employed membrane and modules 278 
Hollow fibre membrane were purchased from Tianjin Polytechnic University. The fibres were 279 
previously examined [9] and a summary of its properties can be found in Table 1. The inner 280 
surface contact angle and outer surface contact angle were 132o and 94o, respectively, 281 
which demonstrate the hydrophobic property of the employed membrane. The relatively high 282 
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Liquid Entry Pressure (LEP) and membrane porosity also make the employed membrane 283 




Fig. 4. Fabrication of hollow fibre PGMD module 286 
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Fig. 4 shows the detailed structure of hollow fibre PGMD module. As the fabrication process 287 
of PGMD module has been described previously [20], a brief summary is provided here. 288 
Firstly, High Density Polyethylene (HDPE) or Stainless Steel (SS) tubes were inserted into 289 
the module shell (PE pipe) to establish the permeate gap channels (Fig. 4a). After fixing by 290 
the epoxy resin compound, the excess HDPE or SS pipes were trimmed off (Fig. 4b). 291 
Different numbers of hollow fibres were then inserted into each gap channel and potted by 292 
epoxy resin compound subsequently (Fig. 4c). The excess hollow fibre were also trimmed off 293 
to finalize the module fabrication (Figs. 4d and 4e). 294 
It is worthwhile mentioning that great efforts have been made to 1) set the hollow fibre in the 295 
center of the gap channel (1 hollow fibre), (b) uniformly distribute the hollow fibres within the 296 
gap channel (2-3 hollow fibres), and (c) keep the hollow fibre as straight as possible to 297 
prevent the hollow fibres from sticking to each other or to the inner surface of the gap 298 
channel. However, as the lab-scale testing modules, it is difficult to perfectly control the gap 299 
width (gap between hollow fibre and gap channel), especially when the hollow fibre packing 300 
density becomes higher.  301 
Tables 2 and 3 show the detailed properties of different modules and gap channels, 302 
respectively. Table 4 shows the experimental operating conditions.  303 
3.2 PGMD testing 304 
Experiments with various operating conditions were undertaken to validate the developed 305 
mathematical model. The process flow diagram for PGMD experiments is shown in Fig. 5. 306 
Because the PGMD experiments have been explained in [9] and [20], only a brief description 307 
is provided here. Due to the separation between the coolant and the produced permeate, 308 
brine was used for both the hot feed and coolant. The brine was pumped through coolant 309 
channel (membrane shell side) firstly and hot channel (membrane lumen side) subsequently 310 
using a single peristaltic pump, which could save pump energy consumption compared to 311 
other conventional MD processes. The gap channels were flooded by the permeate, the 312 
excessive permeate flowed into a distillate reservoir. Based on the change of the distillate 313 
reservoir weight over time (2-4 hours after flux stabilization), the flux can be estimated. Other 314 





Fig. 5. Process flow diagram for PGMD experiments318 
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Table 1 Characteristics of employed hollow fibre membrane 319 
Material Manufacture method Dimension  
(mm) 
Mean pore size  







Inner diameter Outer diameter Thickness Inner  Outer  
Polyvinylidene 
Fluoride (PVDF) 
Non-solvent Induced Phase 
Separation (NIPS) process 
0.81 1.11 0.15 0.15 81.7 240.8 
132 3 94 2 
 320 
Table 2 Properties of manufactured hollow fibre membrane modules 321 
Module 
number 
Material of cooling plate Number of 
gap channels 
Percentage of PE pipe 
occupied by gap 
channels (%) 
Number of hollow 
fibres within each 
channel 
Percentage of single gap 
channel occupied by hollow 
fibre membrane (%) 
Length of 
module (m) 
Surface area of 
hollow fibre 
membrane (m2) 
1 HDPE 8 14.8 1 15.3 0.35 0.0084 
2 HDPE 8 14.8 2 30.6 0.35 0.0167 
3 HDPE 8 14.8 3 45.8 0.35 0.0251 
4 SS 8 51.6 1 6.0 0.35 0.0084 
 322 
Table 3 Properties of gap channels 323 
 Inner diameter 
(mm) 
Outer diameter  
(mm) Thickness 2
b   
(mm) 
Conductivity 4  
(W/m.K) 
HDPE gap channel 2.84 3.40 0.28 0.445 [20] 
SS gap channel 4.55 6.35 0.90 15 [20] 
 324 
Table 4 PGMD testing conditions 325 
 Inlet temperature (˚C) Volumetric flow rate (mL/min) Brine concentration (g/L NaCl) 
Hot channel 40, 50, 60, 70 70-500 (0.28-0.69 m/s) 10 




4.  Result and discussion 327 
4.1 Model validation with experimental data 328 
To check the accuracy of the developed model, the experimental data is compared with the 329 
predicted results from the model.  330 
Experimental results of module 1 (8 HDPE gap channels, and each gap channel holds 1 331 
hollow fibre inside) are used to validate the effects of feed inlet temperature and velocity.  332 
Fig. 6 shows that the experimental data of module 1 obtained with different velocities but a 333 
fixed hot inlet temperature (70 ˚C) are very close to the simulated results obtained from the 334 
model, and Table 5 demonstrates that the errors between the experimental outcomes and 335 
modelled results are in the range of approximately  5%, which are smaller than the typical 336 
experimental error of 10%. The model predicts an asymptotic flux trend as the feed 337 
velocity increases. This phenomenon has been identified by many other studies [14, 30, 31], 338 
which is mainly due to temperature polarization being unable to be further reduced for a 339 
fully-developed flow condition. Furthermore, the concentration polarization is higher with the 340 
increasing flux [32], which will adversely affect the vapour pressure. 341 
 342 
Fig. 6. Simulated and measured results with different feed velocities (70 ˚C hot inlet 343 
temperature) 344 
Table 5 Relative errors between predicted and experimental results (70 ˚C hot inlet 345 
temperature) 346 
Hot feed velocity (m/s) 0.28 0.40 0.53 0.69 
Error (%) -5.04 -4.46 -1.18 2.89 
 347 
Fig. 7 demonstrates that the difference between modelled results and experimental results of 348 
module 1 obtained with a fixed feed velocity (0.69 m/s) but different hot inlet temperatures. 349 
The comparison (Table 6) shows that, again, the model predictions agree with the 350 
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experimental results to within  10% for the given experimental conditions. The model also 351 
successfully predicts a more significant flux increase with higher feed inlet temperature, 352 
which is attributed to the fact that vapour pressure increases exponentially with feed inlet 353 
temperature [33, 34].  354 
 355 
Fig. 7. Simulated and measured results with different feed inlet temperatures (0.69 m/s feed 356 
velocity) 357 
Table 6 Relative errors between predicted and experimental results (0.69 m/s feed velocity) 358 
Feed inlet temperature (˚C) 40 50 60 70 
Error (%) -6.93 1.58 2.25 2.89 
 359 
Both Tables 5 and 6 show that the relative errors systematically increase from less than zero 360 
to larger than zero as the flux increases when feed velocity and feed temperature become 361 
greater. This phenomenon is probably attributed to the assumption of ‘no heat loss due to 362 
the permeate production’.  Increased flux in the experiments will result in more heat loss in 363 
the permeate gap and lower the temperature in the gap channel. As a result, the actual 364 
temperature within the permeate gap will be lower than the modelled temperature. Since the 365 
flux is predicted based on the temperatures in the feed and permeate gaps, the lower 366 




Fig. 8. Simulated and measured results with different hollow fibre densities (0.69 m/s feed 369 
velocity) 370 
Table 7 Relative errors between predicted and experimental results (0.69 m/s feed velocity) 371 
Feed inlet temperature (˚C) 40 50 60 70 
Error (%) 
Module 1 -6.93 1.58 2.25 2.89 
Module 2 -9.22 -4.84 -10.46 -4.61 
Module 3 -15.87 -28.93 -26.55 -23.55 
 372 
Experimental and simulated results of modules 1, 2 and 3 at various hot inlet temperatures 373 
can be found in Fig. 8. Similar to module 1, both module 2 and module 3 have 8 gap 374 
channels. A single gap channel of module 2 and 3 are filled by 2 and 3 hollow fibres, 375 
respectively. The simulated flux decreases as a function of fibre packing density, which is 376 
confirmed by the experimental results. This phenomenon can be explained by two main 377 
reasons [20]. Firstly, more permeate will be produced for the module with larger membrane 378 
surface area (higher hollow fibre density), which results in greater temperature increase in 379 
the gap channel and reduced vapour pressure difference across the hydrophobic 380 
membrane. In addition, a higher fibre packing density could lead to a less effective 381 
membrane surface area for permeate production as the hollow fibres could be attached to 382 
each other. Furthermore, a lower hollow fibre density will cause less dead mixing zone within 383 
the module due to the existence of transverse flow [35]. 384 
Table 7 shows that the differences between simulated and experimental results for modules 385 
1 and 2 are within approximately  10%, while the differences for module 3 are much larger 386 
(-20% to -30%). This phenomenon could be mainly attributed to the modelling assumptions 387 
that hollow fibres are uniformly distributed and they have the same distance to the cooling 388 
plate across the water gap. The outer diameter of hollow fibre membrane and the inner 389 
diameter of HDPE gap channel are 1.11 mm and 2.84 mm, respectively. When 3 hollow 390 
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fibres are inserted into the gap channel, the hollow fibres will inevitably be in contact with 391 
each other or to the inner surface of the cooling plate, the hollow fibres lose their full contact 392 
with fluids and the dead mixing zones are created. Compared to the experimental results, 393 
the model predicts the flux under optimal conditions, and subsequently, overestimates the 394 
flux. The error of the prediction becomes greater when hollow fibre density is higher as 395 
contact between fibres becomes more likely. In order to reduce the effects of these 396 
assumptions, baffles or spacers could be used within the PGMD module to help the uniform 397 
distribution of the hollow fibres. 398 
 399 
Fig. 9. Simulated and measured results with different cooling plate materials (0.69 m/s feed 400 
velocity) 401 
Table 8 Relative errors between predicted and experimental results (0.69 m/s feed velocity) 402 
Feed inlet temperature (˚C) 40 50 60 70 
Error (%) 
Module 1 -6.93 1.58 2.25 2.89 
Module 4 5.49 1.25 7.42 15.24 
 403 
The simulated and experimental results of modules 1 and 4 with different cooling plate 404 
materials are presented in Fig. 9. The model predicts that a higher flux can be achieved for 405 
the module made of SS cooling plate. Similar results are obtained from experiments. 406 
Previous study [20] advises that the sensible heat transfer is proportional to the ratio of 407 




 for HDPE cooling plate is significantly lower compared to that of SS cooling plate, 409 
indicating a lower thermal resistance for module 4. This will subsequently lead to a bigger 410 
vapour pressure difference between the hydrophobic membrane surfaces and higher flux for 411 
module 4. Table 8 shows that the difference between simulated and experimental results are 412 
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all within ±10%, except for one result of module 4 at 70 ˚C hot inlet temperature (15%). 413 
Aforementioned, this high error was probably attributed to the higher heat loss because of 414 
the increased flux (higher permeate production). 415 
In addition to the thermal conductivity and thickness, the SS gap channel has different inner 416 
and outer diameters compared to HDPE gap channel, which will change the hydrodynamics 417 
within the coolant channel and permeate gap simultaneously. To understand the effects of 418 
different design parameters (inner/outer diameters and conductivity of gap channel) on flux, 419 
a sensitivity study based on the developed model was undertaken, which is further 420 
discussed in Section 4.2.4. 421 
4.2 Effects of design parameters and operating conditions 422 
The validation and discussion shown in Section 4.1 demonstrate that the developed model 423 
can successfully simulate the mass and heat transfers within hollow fibre PGMD module. 424 
The model is now utilized to analyze the effects of other important module design 425 
parameters and operating conditions on flux and energy efficiency. The outcome will help to 426 
optimize hollow fibre PGMD process. 427 
The effects of feed inlet temperature and feed velocity on flux and energy efficiency of 428 
PGMD have been extensively discussed in our previous investigation [9], this simulation 429 
study focuses on the effects of coolant inlet temperature, coolant velocity and cooling plate 430 
materials on flux and energy efficiency of PGMD module. 431 
Here, the energy efficiency of PGMD module is indicated by Specific Thermal Energy 432 
Consumption (STEC), which is the thermal energy required to produce 1 kg of permeate 433 






          (34) 435 
Here, heatQ  is defined as the external thermal power input, and it can be calculated by the 436 
coolant outlet temperature and hot inlet temperature. 437 
To facilitate the discussion, the simulated results obtained from a base case (case 1) is 438 
compared to the results based on other designs or operating conditions. Module 1 operated 439 
with 0.69 m/s hot feed velocity and 70 ˚C feed inlet temperature is used as the base case 440 
(case 1).  441 




Fig. 10. Effect of coolant velocity on flux and STEC (0.69 m/s hot feed velocity and 70 ˚C hot 444 
inlet temperature) 445 
Due to the unique module characteristics, PGMD module normally has the same flowrate for 446 
coolant and feed flows, and the effect of coolant flow rate has not been extensively 447 
investigated compared to DCMD module. 448 
Our hollow fibre PGMD module was tested under a one-pump system, the volumetric 449 
flowrate of coolant is the same as that of the hot feed. The cross sectional area of feed 450 
channels is considerably smaller than that of cold channel, therefore, the coolant velocity is 451 
approximately one to two orders of magnitude lower than hot feed velocity (see Table 4) 452 
[20]. Temperature polarization of the coolant channel is high due to the extremely low 453 
coolant velocity (velocity: 0.003 – 0.007 m/s, Re: 30 – 74). To understand the impact of 454 
coolant velocity on PGMD performance, the model was used to simulate flux and STEC with 455 
higher coolant velocity. 456 
Fig. 10 shows that flux only increases 4.0% and 5.4% when the coolant velocity increases 457 
10 (0.068 m/s) and 100 times (0.68 m/s) compared to that of case 1 (0. 0068 m/s), showing 458 
a minimum impact of coolant velocity. Here, the hot feed velocity remains constant at 0.69 459 
m/s during all simulations. Other studies [30, 36] evaluated the effect of cold permeate 460 
velocity on flux for DCMD systems. They concluded that cold permeate velocity has 461 
insignificant impact on flux compared to feed velocity since the feed side is the source of 462 
vapourization and controls the permeation process [36]. For PGMD module, the coolant 463 
does not contact with membrane directly and its effect on flux is expected to be lower. 464 
Furthermore, coolant velocity has no impact on the temperature polarization in the gap 465 
channels, consequently, the effect of coolant velocity on permeate is minimum. 466 
It can also be seen from Fig. 10 that the STEC increases approximately by 21.2% when the 467 
coolant velocity increases from 0.0068 m/s to 0.068 m/s, and further increase in coolant 468 
velocity will result in a minimum increase in STEC. Lu et al. [32] studied the effect of distillate 469 
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velocity on specific energy consumption using DCMD module, which included both thermal 470 
energy consumption and pumping energy consumption. Similar to our results, they identified 471 
that the specific energy consumption for heating increased with increasing distillate flow rate. 472 
In our study, a higher coolant velocity will lead to a lower coolant outlet temperature, and 473 
therefore, more external thermal energy is required to heat the brine to the pre-set hot feed 474 
inlet temperature. Although the flux is higher with the increasing coolant velocity, the 475 
increase in thermal energy input is more rapid than the increase of flux, consequently, STEC 476 
increases as a function of coolant velocity. When the coolant velocity is higher than 0.068 477 
m/s, the coolant outlet temperature is very close to the coolant inlet temperature (20 ˚C), 478 
further increase in coolant velocity will not result in a significant change in external thermal 479 
energy input, as a result, a minimum increase in STEC is observed with the further increase 480 
in coolant velocity.  481 
4.2.2  Effect of coolant inlet temperature 482 
 483 
Fig. 11. Effect of coolant inlet temperature on flux and STEC (0.69 m/s hot feed velocity and 484 
70 ˚C hot inlet temperature) 485 
Fig. 11 shows the effects of coolant inlet temperature on flux and STEC. It can be seen 486 
clearly that the flux decreases as a function of coolant inlet temperature, and it decreases 487 
more significantly at higher coolant inlet temperature. This is due to the exponential 488 
relationship between vapour pressure difference and temperature difference across the 489 
membrane. Furthermore, compared to the effect of hot inlet temperature on flux shown in 490 
Fig. 7, the coolant inlet temperature has a less impact on flux. Cheng et al. [18] used hollow 491 
fibre membrane module to compare the performance of AGMD with PGMD. They identified 492 
the similar results as the flux increased exponentially with increasing hot inlet temperature 493 
but only decreased gradually with increasing coolant inlet temperature.  494 
Alklaibi et al. [30] reviewed the impacts of coolant inlet temperature of various MD studies. 495 
They suggested that changes in coolant temperature can result in more than a 1-fold 496 
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increase in flux (inlet temperature difference between hot and coolant channels: 30 – 50 ˚C), 497 
although the effect of coolant inlet temperature was considerably lower compared to that of 498 
hot inlet temperature. In our study, there is less than a 1-fold improvement of flux when the 499 
coolant inlet temperature changes from 50 ˚C to 20 ˚C. This indicates that coolant inlet 500 
temperature for hollow fibre PGMD has even less effect on flux compared to DCMD. This 501 
phenomenon is due to the permeate gap of PGMD module adding to the heat transfer 502 
resistance, so a temperature decrease in the cold channel cannot effectively change the 503 
vapour pressure difference between the membrane surfaces. Furthermore, this phenomenon 504 
makes PGMD module more suitable for multi-stage application. The coolant effluent from an 505 
upstream stage can be used as the coolant influent for the next stage in multi-stage 506 
processes, and the flux does not decrease significantly when coolant temperature increases 507 
along the stages. 508 
It can also be seen from Fig. 11 that the STEC decreases as a function of coolant inlet 509 
temperature, from 5.34 kWh/kg at 20 ˚C coolant inlet temperature to 3.87 kWh/kg at 50 ˚C 510 
coolant inlet temperature. With a higher coolant inlet temperature, a lower external energy 511 
input is required, and the external thermal energy input decreases more rapidly than the 512 
decrease of flux, as a result, STEC decreases with the increasing coolant inlet temperature. 513 
4.2.3 Effect of cooling plate thermal conductivity 514 
 515 
Fig. 12. Effect of cooling plate thermal conductivity on flux and STEC (0.69 m/s hot feed 516 
velocity and 70 ˚C hot inlet temperature) 517 
Fig. 12 demonstrates the effect of cooling plate thermal conductivity on flux and STEC. The 518 
coolant inlet temperature of 20 ˚C, hot inlet temperature of 70 ˚C, and hot feed velocity of 519 
0.69 m/s were used as the inputs for the model. The cooling plate thermal conductivity was 520 
changed from 0.1 W/m.K to 20 W/m.K. 521 
Fig. 12 shows that the flux and STEC are 14% higher and 17% lower, respectively, when the 522 
thermal conductivity of cooling plate changes from 0.1 W/m.K to 5 W/m.K, and there is no 523 
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significant changes in flux and STEC when cooling plate thermal conductivity increases 524 
beyond 5 W/m.K. With a higher cooling plate thermal conductivity, the heat transfer from the 525 
gap channel to coolant channel is enhanced, the temperature in the gap channel becomes 526 
lower, but the temperature within the coolant channel is higher. Thus, the flux will be higher 527 
due to the greater temperature difference between membrane surfaces, but less external 528 
thermal energy input is required because of the better internal thermal energy recovery. 529 
Fig. 13 shows the temperature profiles for modules 1 and 4 with 0.69 m/s hot feed velocity 530 
and 70 ˚C hot inlet temperature. It clearly shows that the temperature difference across the 531 
cooling plate for module 1 (between 
ccT  and pcT ) is approximately 4 ˚C, but the temperature 532 
difference across the cooling plate for module 4 is less than 0.2 ˚C. This indicates that if the 533 
cooling plate thermal conductivity is high enough, the interface temperature between the 534 
coolant and cooling plate (
ccT ) is nearly the same as the interface temperature between the 535 
permeate and the cooling plate ( pcT ). Further increase in cooling plate thermal conductivity 536 
will not significantly improve the heat transfer through the cooling plate and permeate gap, 537 
and subsequently, the flux and STEC will not be improved significantly. 538 
a) HDPE cooling plate thermal conductivity of 0.445 W/m.K 539 
 540 




Fig. 13. Temperature profiles for modules 1 and 4 (0.69 m/s hot feed velocity and 70 ˚C hot 543 
inlet temperature) 544 
Fig. 14 shows further details on the effect of cooling plate thermal conductivity on 545 
temperature difference between the cooling plate surfaces. It is suggested that 5 W/m.K is 546 
considered as the critical thermal conductivity value for the cooling plate. When the cooling 547 
plate thermal conductivity is higher than 5 W/m.K, the heat transfer resistance through 548 
cooling plate becomes negligible, and therefore, it has minimum impact on flux and STEC.  549 
In addition to the high conductivity cooling plate, other highly conductive materials (such as 550 
metal mesh) could be inserted into permeate gaps to further improve hollow fibre PGMD 551 
performance. 552 
 553 
Fig. 14. Effect of cooling plate thermal conductivity on temperature difference across cooling 554 
plate (0.69 m/s hot feed velocity and 70 ˚C hot inlet temperature) 555 




Fig. 15. Sensitivity study of different design parameters (inner/outer diameters and 558 
conductivity of gap channel)    559 
During the PGMD experiments, it was identified that module 1 made of HDPE cooling plate 560 
had a lower flux compared to that of module 4 made of SS cooling plate. It was suggested 561 
this is mainly caused by the higher thermal conductivity of SS compared to HDPE. The 562 
simulated results also show the similar outcomes.  563 
The HDPE gap channel had a smaller inner/outer diameters compared to the SS gap 564 
channel, consequently, the hydrodynamics of coolant and permeate gaps will be influenced 565 
in addition to the thermal conductivity when SS gap channel is used to replace HDPE gap 566 
channel. Here, a typical One-At-A-Time approach was used to evaluate the effects of 567 
different parameters (gap channel conductivity, gap channel inner dimeter and outer 568 
dimeter) on PGMD performance. 569 
Table 9 shows the model inputs for design variables of 5 cases. As mentioned before, the 570 
base case (case 1) is based on module 1 with HDPE gap channel operated with 0.69 m/s 571 
hot feed velocity and 70 ˚C hot inlet temperature.  572 
Table 9 Design parameters of sensitivity analysis 573 
 Gap channel conductivity  
(W/m.K) 
Gap channel inner diameter  
(mm) 
Gap channel outer diameter  
(mm) 
Case 1 0.445 2.84 3.40 
Case 2 0.445 2.84 6.35 
Case 3 15 2.84 6.35 
Case 4 0.445 1.60 3.40 
Case 5 15 1.60 3.40 
 574 
Fig. 15 shows the flux of each case and the percentage of relative flux change based on 575 
case 1. 576 
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For case 2, the gap channel conductivity and gap channel inner diameter are kept the same 577 
as case 1, but the gap channel outer dimeter is increased to 6.35 mm, which is the same as 578 
SS gap channel outer diameter. The simulated results show that the flux of case 2 is 6.74% 579 
lower than that of case 1. The larger outer dimeter of gap channel will result in a better 580 
hydrodynamic flow within the coolant channel due to the higher coolant velocity, but it will 581 
also lead to a higher thermal resistance of the gap due to the larger thickness. Because of 582 
the lower flux of case 2, it can be concluded that the higher thermal resistance plays a more 583 
important role compared to the better hydrodynamics. This phenomenon could be attributed 584 
to two possible reasons. Firstly, although the coolant velocity of case 2 (0.019 m/s) is 585 
approximately 1.8 times higher than that of case 1 (0.0068 m/s), the decrease of 586 
temperature polarization for case 2 is limited as the coolant is still under laminar flow. 587 
Secondly, the gap thermal conductivity is low and a thicker gap will result in a higher thermal 588 
resistance. 589 
Compared to case 2, the gap channel thermal conductivity is increased to 15 W/m.K from 590 
0.445 W/m.K, the inner and outer diameters of the gap are still 2.84 mm and 6.35 mm for 591 
case 3, respectively. The simulated result from Fig. 15 shows that the flux for case 3 is 592 
5.08% higher than that of case 1. This result confirms that the gap channel thermal 593 
conductivity has a more critical role compared to cold velocity. 594 
For case 4, the gap thermal conductivity and gap channel outer dimeter are the same as 595 
those of case 1, but the gap channel inner dimeter is decreased to 1.60 mm. The model 596 
result shows a minor decrease of flux (2.93%) compared to case 1. This phenomenon can 597 
be explained by the fact that HDPE gap channel has a slightly lower thermal conductivity 598 
(0.445 W/m.K) compared to that of water (0.6 W/m.K at 20 ˚C). The flow within the permeate 599 
gap is nearly stagnant [9], as a result, the permeate within the gap channel can be 600 
considered as an annular layer outside of the hollow fibre membrane. For case 4, when the 601 
gap channel inner dimeter is decreased, the thickness of the water annular layer is 602 
decreased and the thickness of gap channel with lower thermal conductivity is increased. 603 
Consequently, the overall thermal resistance of gap channel and water layer is higher, and 604 
flux is decreased accordingly.  605 
For case 5, the gap channel inner and outer diameters are the same as those of case 4, but 606 
the thermal conductivity of gap channel increases to 15 W/m.K. The simulated result shows 607 
a 7.53% increase in flux of case 5 compared to case 1. Similarly, this phenomenon is due to 608 
the overall less thermal resistance of the gap channel and water layer. 609 
Both Francis et al. [7] and Khalifa [14] investigated the effect of gap width on PGMD 610 
performance using flat sheet membrane modules. Francis et al. [7] identified that the effect 611 
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of gap width on flux was negligible. On the contrary, Khalifa [14] found that a higher gap 612 
width generally reduced the flux because of the increased heat transfer resistance. 613 
Compared to the above flat sheet PGMD studies, the changes in gap channel (inner/outer 614 
diameters and thermal conductivity) of hollow fibre PGMD module in our study result in a 615 
more complex combination (hydrodynamics in coolant and permeate gaps and thickness of 616 
gap channel). Based on the above discussion, it is suggested that the larger outer diameter 617 
of the gap channel can benefit the hydrodynamic flow within coolant channel, but its effect 618 
on flux is very low when the gap channel thermal conductivity is low. The effect of gap 619 
channel inner diameter on permeate gap hydrodynamic flow is negligible, because the 620 
permeate overflow velocity is extremely low. Overall, the gap thermal resistance plays a 621 
more important role in PGMD performance. 622 
4.2.5 Effect of multi-stage process on energy efficiency 623 
 624 
Fig. 16. Effect of number of stages on energy efficiency 625 
Compared to a single stage process, a multi-stage process will maximize the internal heat 626 
recovery of PGMD to improve energy efficiency. Furthermore, it is still possible to utilize the 627 
high velocity to improve the flux and decrease the temperature polarization [20].  628 
Here, the effect of multi-stage process on energy efficiency of module 1 is evaluated using 629 
the developed model. In the simulation, multiple PGMD modules (module 1) are connected 630 
in series. The brine is cooled to a pre-set temperature before flowing through the cold 631 
channel of the first module. It is then pumped through each module’s cold channel and 632 
comes out from the last membrane module. Afterwards, the brine enters into the hot channel 633 
of the last module via a heater. It flows reversely to the first module through the hot channel 634 
of each module. The following values are used as the model inputs: the coolant and feed 635 
velocities are 0.0068 m/s and 0.69 m/s, respectively; the coolant and hot inlet temperatures 636 
are 20 ˚C and 70 ˚C, respectively (here, the flowrates of feed and coolant are identical). 637 
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Gain Output Ratio (GOR) is used here to indicate the energy efficiency of PGMD module. 638 
When GOR is higher than 1, it demonstrates the process can save thermal energy rather 639 
than the pure evaporation process with no heat recovery [37]. 640 







                                                                                                 (35) 642 
Fig. 16 shows that the GOR increases as the number of stages increases, from 0.12 with a 1 643 
stage unit to 2.4 with a 20 stage unit. When there are more than 9 stages of PGMD modules, 644 
the GOR becomes higher than 1. Cipollina et al. [17] used a predictive model to simulate the 645 
behavior of multi-stage flat sheet PGMD and found that GOR can increase 20 times from a 1 646 
stage unit to a 9 stage unit, and may reach a value between 3 and 4. With a similar flowrate 647 
(200 mL/min), GOR from their study became more than 1 with a 3 stage unit, which is much 648 
less than that of our study. They suggested that the most energy efficient system should 649 
have more stages with larger membrane surface area. The effective membrane surface area 650 
of the single module from their study is 0.042 m2, which is 5 times larger than that of our 651 
hollow fibre PGMD module. Consequently, the GOR of their module reaches 1 with only 3 652 
stages. Module 1 from this study has relatively low densities for hollow fibres and permeate 653 
gaps, but a full scale hollow fibre membrane module normally has a higher hollow fibre 654 
density and larger specific surface area [20], which will result in an increased GOR value. 655 
4.3 Roles of different parameters in PGMD optimization 656 
An optimal PGMD module design should result in a higher flux and better energy efficiency, 657 
however, various studies [38-40] observed a trade-off between flux and energy efficiency, 658 
because it is difficult to obtain a better energy efficiency and high flux simultaneously. The 659 
discussion in Section 4.2 confirms that change in one parameter (or operating condition) 660 
could lead to the beneficial effect on flux and unfavourable result in energy efficiency, but the 661 
degree of influence could be different. To evaluate the roles of different parameters in PGMD 662 
optimization, an indicator ‘flux equivalent (flux.eqv)’ is used here to combine the flux and 663 
GOR into one parameter.  664 
Introduced by Liu et al. [41], flux.eqv can be calculated by: 665 
. *flux eqv flux GOR         (36) 666 
Mathematical simulation is undertaken with different inputs for various design parameters, 667 
the flux.eqv is then calculated, and the ideal condition is determined for the design with the 668 
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highest flux.eqv. As mentioned in Section 4.2, this study only focuses on the effects of 669 
coolant velocity, coolant inlet temperature and cooling plate thermal conductivity on flux and 670 
energy efficiency, and 0.69 m/s feed velocity and 70 ˚C hot inlet temperature are used as the 671 
inputs for optimization study. The gap channel density and hollow fibre packing density are 672 
the same as those of module 1. Other model inputs for different design variables could be 673 
found from Table 10.  674 
Based on the simulation results, the deviation from the optimal condition (percentage of 675 
relative flux.eqv change) can be determined and the roles of different parameters in PGMD 676 
optimization can be evaluated. 677 
 678 
Fig. 17. Roles of different parameters in PGMD optimization 679 
For the variation 1, the coolant velocity is 100 times higher than that of the optimal condition, 680 
other model inputs are the same as optimal condition. With the higher coolant velocity, flux 681 
will be higher, but the increase in flux is not adequate to compensate the decrease in GOR, 682 
as a result, flux.eqv is 16% lower. For the variation 2, with the higher coolant inlet 683 
temperature, the energy efficiency (GOR) is higher, similarly, the increase in GOR is not 684 
enough to compensate the decrease of flux, because flux decreases exponentially with 685 
decreasing temperature difference across the membrane. For variation 3, with a lower 686 
cooling plate thermal conductivity, both flux and GOR will be lower, the flux.eqv is 27% lower 687 
than that of the optimal condition.  688 
Table 10 Model inputs of different design variables for optimization study 689 




Cooling plate thermal conductivity 
(W/m.K) 
Optimal 20 0.0068 5 
Variation 1 20 0.68 5 
Variation 2 50 0.0068 5 




Based on the above discussion, it could be suggested that the cooling plate thermal 691 
conductivity plays the most important role in PGMD optimization. The increase of cooling 692 
plate thermal conductivity has beneficial effects on both flux and energy efficiency. 693 
Compared to the coolant velocity, coolant inlet temperature has a more significant impact on 694 
PGMD performance, which is probably due to two main reasons. Firstly, flux has an 695 
exponential relationship with the temperature difference across the membrane, although the 696 
effect of coolant inlet temperature in PGMD is expected to be lower than that of DCMD. 697 
Secondly, coolant is not in direct contact with the membrane, the temperature / 698 
concentration polarizations cannot be effectively decreased by the increasing coolant 699 
velocity. 700 
5. Conclusions 701 
In this study, the mass and heat transfers of hollow fibre PGMD module was simulated using 702 
a mathematical model. The model has been firstly validated by experimental results, and the 703 
difference between simulated results and experimental results were within the experimental 704 
error range except for the high hollow fibre packing density when the model overestimates 705 
the flux. The main reason for this phenomenon is that the model simulates the flux under 706 
optimal situation where hollow fibre has the full contact with both feed and permeate, but 707 
actually the fibres may touch each other leading to a reduced effective membrane area. 708 
The validated model was then utilized to evaluate the effects of various design parameters 709 
and operating conditions on PGMD performance. It is identified that coolant velocity and 710 
coolant temperature have less impact on flux compared to those of DCMD, because the 711 
coolant of DCMD contacts with membrane directly. Furthermore, the coolant velocity of 712 
PGMD is extremely low, so it is difficult to decrease the temperature polarization of coolant 713 
channel effectively.  714 
The model also suggests that the higher flux and better energy efficiency could be obtained 715 
for the module with highly conductive cooling plate. However, when the cooling plate thermal 716 
conductivity is higher than 5 W/m.K, the temperature difference across the cooling plate is 717 
minimum and further increases in the cooling plate thermal conductivity has the negligible 718 
impacts on flux and STEC. In application, the use of highly conductive material needs to be 719 
balanced with the cost. 720 
A sensitivity study is undertaken to analyze the combined effects of gap channel inner/outer 721 
diameters and gap channel thermal conductivity on flux. It is concluded that the changes in 722 
gap channel (inner/outer diameters and thermal conductivity) of hollow fibre PGMD module 723 
will result in a more complex combination (hydrodynamics in coolant and permeate channels 724 
and thickness of gap channel) compared to other flat sheet PGMD studies, and the gap 725 
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thermal conductivity has a more significant effect on flux compared to the hydrodynamic 726 
flows within the permeate and coolant channels. 727 
The effect of multi-stage processes on energy efficiency is evaluated by the developed 728 
model. The results suggest that the GOR increases as increasing number of stages, it 729 
reaches 2.4 for a 20 stage unit. The energy performance could be further improved when 730 
higher gap channel density or hollow fibre density is applied. 731 
The roles of different parameters in PGMD optimization is finally discussed, taking both flux 732 
and energy efficiency into consideration. Based on the modelling results, it could be 733 
suggested that cooling plate thermal conductivity plays the most important role in PGMD 734 
optimization compared to the coolant velocity and coolant inlet temperature.   735 
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